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WAVELENGTH CONVERTED LIGHT
EMITTING DEVICE WITH TEXTURED
SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 62/243,4°70, filed Oct. 19, 2015. U.S.
Provisional Patent Application No. 62/243,470 1s incorpo-
rated herein.

FIELD OF THE INVENTION

The present invention relates to a wavelength converted
light emitted device with a substrate with a textured surface
positioned 1n a path of light extracted from the wavelength
converting structure.

BACKGROUND

Semiconductor light-emitting devices including light
emitting diodes (LEDs), resonant cavity light emitting
diodes (RCLEDs), vertical cavity laser diodes (VCSELs),
and edge emitting lasers are among the most ethicient light
sources currently available. Materials systems currently of
interest 1in the manufacture of high-brightness light emitting
devices capable of operation across the visible spectrum
include Group III-V semiconductors, particularly binary,
ternary, and quaternary alloys of galllum, aluminum,
indium, and nitrogen, also referred to as Il1I-nitride materials.
Typically, I1I-nitride light emitting devices are fabricated by
epitaxially growing a stack of semiconductor layers of
different compositions and dopant concentrations on a sap-
phire, silicon carbide, I1I-nitride, or other suitable substrate
by metal-organic chemical vapor deposition (MOCVD),
molecular beam epitaxy (MBE), or other epitaxial tech-
niques. The stack often includes one or more n-type layers
doped with, for example, S1, formed over the substrate, one
or more light emitting layers 1n an active region formed over
the n-type layer or layers, and one or more p-type layers
doped with, for example, Mg, formed over the active region.
Electrical contacts are formed on the n- and p-type regions.

White light may be created by positioning a wavelength
converting material i the path of light extracted from an

LED. FIG. 1 illustrates one example of a wavelength-
converted LED, described in more detaill in US 2013/
0258634. US 2013/0258634 teaches the device of FIG. 1
“includes a microstructure film formed over a LED and a
light conversion material formed over the LED and below
the film. The light conversion material can include a layer of
photo phosphors which may be directly deposited on the
LED or may be placed on or attached to the LED as a layer
of a pre-formed film. This structure can be used for white
LED light devices where the light conversion material
converts the LED light into white light. On the top of the
structure of the LED and the light conversion matenal layer,
a layer of a hight deflection film with microstructures 1is
formed. Photons emitted from the LED and photons emitted
at the phosphors layer due to absorption of LED light
interact with the top deflection film and bounce back and
forth within the structure to create a light shaping eflect
where light bounces between the LED and the light deflec-
tion film and exits the top deflection film in selected direc-
tions that are defined by the microstructures in the detlection
film. The detlection film can also effectuate a light focusing

ellect on the light coming out of the deflection film and the
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light focusing can depend on the optical index of refraction
of the detlection film. The geometry of the detlection film

can also aflect the light focusing.”

SUMMARY

It 1s an object of the invention to provide a wavelength

converted light emitting device with a textured substrate
which may at least partially collimate light extracted from
the wavelength converting structure.

Embodiments of the invention include a flip chip semi-
conductor light emitting device and a wavelength converting
structure disposed 1n a path of light extracted from the tlip
chip semiconductor light emitting device. A substrate with a
textured top surface 1s positioned with the bottom surface
facing the wavelength converting structure. The wavelength
converting structure 1s disposed between the substrate and
the flip chip semiconductor light emitting device.

Embodiments of the invention include a semiconductor
light emitting device and a wavelength converting structure
disposed 1n a path of light extracted from the semiconductor
light emitting device. A substrate 1s disposed 1 a path of
light extracted from the wavelength converting structure.
The substrate includes a body and a dielectric layer disposed
on the body. A top surface of the dielectric layer 1s textured.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art structure including an LED
die, a light conversion material, and an optics layer.

FIG. 2 1s a cross sectional view of an LED.

FIG. 3 15 a cross sectional view of a device including an
LED, a wavelength converting structure, and a textured
substrate.

FIG. 4 1llustrates the bottom surface of the textured
substrate of FIG. 3.

FIG. § 1s a cross sectional view of a device including an
LED, a wavelength converting structure, and a substrate
including a textured dielectric material grown on a body.

FIG. 6 1s a cross sectional view of the device of FIG. 5
without a gap between the substrate and the wavelength
converting structure.

FIG. 7 1s a cross sectional view of a device including
multiple textured substrates.

FIG. 8 1s a plot of cross sectional far-field intensity for a
device with a textured substrate.

DETAILED DESCRIPTION

In embodiments of the invention, a wavelength-converted
semiconductor light emitting device such as a semiconduc-
tor light emitting diode 1s combined with a substrate with a
textured surface.

FIG. 2 1llustrates one example of a IlI-nitride LED. Any
suitable semiconductor light emitting device may be used
and embodiments of the invention are not limited to the LED
illustrated in FIG. 2. Also, though in the examples below the
semiconductor light emitting device are IlI-nitride LEDs
that emits blue or UV light, semiconductor light emitting
devices besides LEDs such as laser diodes and semiconduc-
tor light emitting devices made from other materials systems
such as other III-V matenals, III-phosphide, IlI-arsenide,
II-VI matenials, ZnO, or Si-based materials may be used.

In the device of FIG. 2, a majority of light 1s extracted
from the LED through the growth substrate. Such a device
may be referred to as a tlip chup device. The LED of FIG. 2

1s formed by growing a Ill-nitride semiconductor structure
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on a growth substrate 10 as 1s known 1n the art. The growth
substrate 1s often sapphire but may be any suitable substrate
such as, for example, a non-III-nitride material, S1C, Si,
GaN, or a composite substrate. A surface of the growth
substrate on which the III-nitride semiconductor structure 1s
grown may be patterned, roughened, or textured before
growth, which may improve light extraction from the
device. A surface of the growth substrate opposite the
growth surface (1.e. the surface through which a majority of
light 1s extracted i a tlip chip configuration) may be
patterned, roughened or textured before or after growth,
which may improve light extraction from the device.

The semiconductor structure includes a light emitting or
active region sandwiched between n- and p-type regions. An
n-type region 16 may be grown first and may include
multiple layers of different compositions and dopant con-
centration including, for example, preparation layers such as
bufler layers or nucleation layers, which may be n-type or
not intentionally doped, and n- or even p-type device layers
designed for particular optical, material, or electrical prop-
erties desirable for the light emitting region to efliciently
emit light. A light emitting or active region 18 1s grown over
the n-type region. Examples of suitable light emitting
regions include a single thick or thin light emitting layer, or
a multiple quantum well light emitting region including
multiple thin or thick light emitting layers separated by
barrier layers. A p-type region 20 may then be grown over
the light emitting region. Like the n-type region, the p-type
region may include multiple layers of different composition,
thickness, and dopant concentration, including layers that
are not intentionally doped, or n-type layers.

After growth of the semiconductor structure, a retlective
p-contact 1s formed on the surface of the p-type region. The
p-contact 21 often includes multiple conductive layers such
as a reflective metal and a guard metal which may prevent
or reduce electromigration of the reflective metal. The
reflective metal 1s often silver but any suitable material or
materials may be used. After forming the p-contact 21, a
portion of the p-contact 21, the p-type region 20, and the
active region 18 1s removed to expose a portion of the n-type
region 16 on which an n-contact 22 1s formed. The n- and
p-contacts 22 and 21 are electrically 1solated from each other
by a gap 25 which may be filled with a dielectric such as an
oxide of silicon or any other suitable material. Multiple
n-contact vias may be formed; the n- and p-contacts 22 and
21 are not limited to the arrangement illustrated in FIG. 2.
The n- and p-contacts may be redistributed to form bond
pads with a dielectric/metal stack, as 1s known in the art.

In order to electrically and physically attach the LED to
another structure, one or more interconnects 26 and 28 are
tormed on or electrically connected to the n- and p-contacts
22 and 21. Interconnect 26 is electrically connected to
n-contact 22 1 FIG. 3. Interconnect 28 1s electrically
connected to p-contact 21. Interconnects 26 and 28 are
clectrically 1solated from the n- and p-contacts 22 and 21 and
from each other by dielectric layer 24 and gap 27. Intercon-
nects 26 and 28 may be, for example, solder, stud bumps,
gold layers, or any other suitable structure. Many 1ndividual
LEDs are formed on a single wafer then diced from the
waler of devices. The substrate 10 may be thinned after
growth of the semiconductor structure or aiter forming the
individual devices. In some embodiments, the substrate 1s
removed from the device of FIG. 2. A majority of light
extracted from the device of FIG. 2 1s extracted through the
substrate 10 (or the surface of the semiconductor structure
exposed by removing the substrate 10). In the following
figures, the LED 1s represented by block 1. The structures
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formed on the substrate 10, including the semiconductor
structure, metal, and dielectric layers, are represented by
block 12. Embodiments of the invention are not limited to
flip chip LEDs—any suitable device may be used.

In the embodiments described below, a wavelength con-
verting structure may be disposed in the path of light
extracted from the light emitting device. The wavelength
converting structure mcludes one or more wavelength con-
verting materials which may be, for example, conventional
phosphors, organic phosphors, quantum dots, organic semi-
conductors, II-VI or III-V semiconductors, II-VI or III-V
semiconductor quantum dots or nanocrystals, dyes, poly-
mers, or other materials that luminesce. The wavelength
converting material absorbs light emitted by the LED and
emits light of one or more different wavelengths. Uncon-
verted light emitted by the LED 1s often part of the final
spectrum of light extracted from the structure, though it need
not be. The final spectrum of light extracted from the
structure may be white, polychromatic, or monochromatic.
Examples of common combinations include a blue-emitting
LED combined with a yellow-emitting wavelength convert-
ing material, a blue-emitting LED combined with green- and
red-emitting wavelength converting materials, a UV-emit-
ting LED combined with blue- and yellow-emitting wave-
length converting materials, and a UV-emitting LED com-
bined with blue-, green-, and red-emitting wavelength
converting materials. Wavelength converting materials emat-
ting other colors of light may be added to tailor the spectrum
of light extracted from the structure. The wavelength con-
verting structure may include light scattering or light dif-
fusing elements such as T102.

In some embodiments, the wavelength converting struc-
ture 1s a structure that 1s fabricated separately from the LED
and attached to the LED, for example through water bonding
or a suitable adhesive such as silicone or epoxy. One
example of such a pre-fabricated wavelength converting
clement 1s a ceramic phosphor, which i1s formed by, for
example, sintering powder phosphor or the precursor mate-
rials of phosphor into a ceramic slab, which may then be
diced mto individual wavelength converting elements. A
ceramic phosphor may also be formed by, for example tape
casting, where the ceramic 1s fabricated to the correct shape,
with no dicing or cutting necessary. Examples of suitable
non-ceramic pre-formed wavelength converting elements
include powder phosphors that are dispersed 1n transparent
material such as silicone or glass that 1s rolled, cast, or
otherwise formed into a sheet, then singulated nto 1ndi-
vidual wavelength converting elements, and phosphor
mixed with silicone and disposed on a transparent substrate.

In the following figures, the wavelength converting struc-
ture 1s represented by block 2.

In some embodiments, a wavelength-converted LED 1s
combined with a structure for enhancing the directional
emission (1.¢., the luminance at a normal to a major surface
of the LED), which may increase the luminance of the
device. The structure for enhancing the directional emission
may be, for example, a textured substrate, as illustrated in
FIGS. 3, 5, 6, and 7.

As used herein, “textured” may refer to a surface that 1s
roughened (randomly textured) or patterned (textured 1n an
ordered and/or repeating way). A cross section of the tex-
tured surface may include peaks or hills separated by
valleys. As illustrated in the following figures, the “peaks™
may be triangular in cross section, though this i1s not
required. In some embodiments, the features that form the
texturing may be cones, pyramids, truncated cones, trun-
cated pyramids, posts, or any other suitable structure includ-
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ing Johnson solids or near Johnson solids. The bottoms of
the features may touch neighboring features, or the features
may be spaced apart from each other. The features may be
disposed 1n any array such as, for example, a triangular,
square, hexagonal, quasi-crystal, or any other suitable array.
The peak-to-peak spacing of the features may be at least 500
nm 1n some embodiments, at least S000 nm 1n some embodi-
ments, and no more than 30 um 1 some embodiments.

FIG. 3 1s a cross sectional view of one embodiment
including a textured substrate 30. In the device of FIG. 3, an
LED 1 1s attached to a mount 14 such that the substrate 10
1s disposed furthest from the mount 14. The mount may be,
for example, silicon, ceramic, metal, printed circuit board, or
any other suitable matenal. A wavelength converting struc-
ture 2 1s disposed 1n the path of light emitted by LED 1. In
some embodiments, wavelength converting structure 2 1s
formed directly on LED 1. In some embodiments, wave-
length converting structure 2 1s formed separately from LED
1 and attached to substrate 10 of LED 1 by any suitable
technique including water bonding and gluing with an
adhesive layer 42. Adhesive layer 42 may be any suitable
material that adheres wavelength converting structure to
LED 1, 1s transparent, and does not significantly degrade
when exposed to the operating conditions of LED 1, and
when exposed to light extracted from LED 1 and wavelength
converting structure 2. Silicone, epoxy, glass, and non-III-
nitride matenals are examples of suitable adhesives 42.

A textured substrate 30 1s disposed in the path of light
extracted from wavelength converting structure 2, such that
wavelength converting structure 2 1s disposed between LED
1 and substrate 30. The top surface of substrate 30 (1.e. the
surface of the substrate 30 from which a majority of light 1s
extracted from the substrate) 1s a textured surface 32. The
substrate 30 may be at least 100 um thick 1n some embodi-
ments, no more than 300 um thick 1 some embodiments,
and 200 um thick 1 some embodiments. The textured
portion may have a depth of at least 1 um 1n some embodi-
ments and no more than 10 um 1 some embodiments. The
bottom surface of substrate 30 1s positioned proximate
wavelength converting structure 2. In some embodiments,
substrate 30 1s attached to wavelength converting structure
2 by any suitable technique including water bonding and
gluing with an adhesive layer 40. Suitable adhesives may be
the same as described above for adhesive layer 42. Adhesive
layers 40 and 42 may be the same material or different
materials.

In some embodiments, substrate 30 1s formed and/or
attached to wavelength converting structure 2 such that a
gap 38 1s formed between wavelength converting structure
2 and substrate 30. Gap 38 may be filled with air, ambient
gas, or any other suitable material. Gap 38 may be at least
10 um thick 1n some embodiments and no more than 200 um
thick 1n some embodiments.

Light may be collimated by gap 38. Light exiting the
structure travels from a high index region (for example,
wavelength converting structure 2, which may be YAG:Ce,
having a refractive index of at least 1.8) to a low i1ndex
region (for example, air in gap 38, having a refractive index
of 1), to a second high index region (for example, substrate
30, which may be sapphire, having a refractive index of at
least 1.7). Since light at only certain incidence angles 1s able
to pass through an interface of matenals with diflerent
indices of refraction without undergoing total internal retlec-
tion, the interface collimates the light. The higher the
refractive index contrast, in particular between the low index
region and the second high index region, the greater the
collimation effect, though greater collimation may come at
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the cost of lower transmission. The difference 1n index of
refraction between the high index regions (the substrate 10
and the textured substrate 30) and the low 1ndex region (the
material 1n gap 38) 1s at least 0.5 1n some embodiments, and
at least 0.6 1n some embodiments.

In some embodiments, gap 38 1s formed by placing
adhesive 40 only at one or more edges of the wavelength
converting structure 2, leaving gap 38 where adhesive 40 1s
not placed. In such embodiments, substrate 30 may have a
planar bottom surface.

In some embodiments, the bottom surface 35 of substrate
30 1s formed to create a gap 38, as 1llustrated 1n FIG. 4. On
the bottom surface 35 of substrate 30 illustrated in FIG. 4,
the substrate 30 1s shaped by any suitable technique such as,
for example, masking and etching or mechanical processes
such as grinding, to form one or more pillars 36. In the
embodiment illustrated 1n FIG. 4, four square pillars 36 are
disposed at the corners of the substrate 30. More or fewer
pillars may be used, the pillars may be placed 1n different
places, including away from the edges of the substrate 30.
The pillars need not be square as illustrated, they may be any
suitable shape. On the rest of the bottom surface 35, 1n the
region 34 between pillars 36, the bottom of the substrate 1s
recessed relative to the pillars. In other words, the substrate
30 1s thicker where pillars 36 are formed, and thinner in
region 34 without pillars. When the substrate 1s attached to
wavelength converting structure 2 or adhesive 40, only the
pillars 36 are in direct contact with wavelength converting
structure 2 or adhesive 40, leaving gap 38. Pillars 36 may be
any suitable size and shape. In one example, pillars 36 are
no more than 50 umx30 um wide, and are between 10 um
and 200 um tall.

Substrate 30 may be any suitable material that 1s trans-
parent, does not significantly degrade when exposed to the
operating conditions of LED 1, and when exposed to light
extracted from LED 1 and wavelength converting structure
2, and suitable for forming the textured surface and pillars
on the bottom surface. In some embodiments, substrate 30
may have a refractive index of at least 1.5. Examples of
suitable materials include sapphire and glass.

The textured surface 32 and the pillars 36 and gap 38 on
the bottom of substrate 30 may be formed by any suitable
technique 1ncluding, for example, masking and etching and
mechanical techniques such as grinding.

FIG. 8 1llustrates a cross section of the far field intensity,
for a device as illustrated 1n FIG. 3 (curve 90) and a device
without a textured substrate (curve 92). As 1llustrated 1n FIG.
8, light extracted from the device illustrated mn FIG. 3 1s
more collimated than light extracted from the reference
device without the textured substrate. In some applications,
the light may be more collimated 1n only some planes. For
example, 1 the example of an automotive headlight, the
collimated curve illustrated 1in FIG. 8 may represent light
emitted along a plane perpendicular to the road. The light
beam horizontal to the road may still be wide.

In some embodiments, reflective material 1s disposed on
the sides of one or more of LED 1, wavelength converting
structure 2, and substrate 30. In the embodiment 1llustrated
in FIG. 3, retlective material 44 1s disposed on the sides of
all three structures. In some embodiments, reflective mate-
rial may be disposed on the sides of only LED 1 and/or
wavelength converting structure 2, or the reflective material
may be disposed on a portion of the sidewalls of any of the
three structures. The reflective material 44 may be, for
example, T102 disposed 1n a transparent material such as
silicone, a retlective coating or foil such as a metal foil or
reflective paint that 1s disposed on the sidewalls, or any other
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suitable material. The retlective material 44 may be molded
over the structure including the LED 1, the wavelength
converting structure 2, and the textured substrate 30, pressed
over the structure, or formed by any other suitable tech-
nique. Excess retlective material disposed over the top of
textured surface 32 may be removed by, for example, bead
blasting or any other suitable technique.

FIGS. 5 and 6 are cross sectional views of other embodi-
ments icluding textured substrates. The LED 1, mount 14,
wavelength converting structure 2, adhesive layers 40 and
42, and retlective material 44 in FIGS. 5 and 6 may be the
same as described above 1n reference to FIG. 3.

In the devices of FIGS. § and 6, the substrate 30 includes
a body 50 and a dielectric layer 52. The top surface of
dielectric layer 52 1s textured. The textured surface of
dielectric layer 52 may have the same shapes and dimen-
sions as described above 1n reference to FIG. 3. Dielectric
layer 52 may be grown or otherwise deposited on a major
surface ol body 50. The surface of body 50 on which
dielectric layer 52 1s formed may be planar or may 1tself be
textured (not shown).

In some embodiments, body 50 1s transparent, suitable for
forming and patterning the dielectric layer 52, and as 1nex-
pensive as possible. In some embodiments, body 50 and
dielectric layer 52 are selected to have relatively high
indices of refraction, at least 2 1n some embodiments. In
some embodiments, body 50 1s a non-IlI-nitride material
such as sapphire, and dielectric layer 32 1s an undoped
[1I-nitride material such as GaN. The GaN layer may be
grown on the sapphire body, then roughened or patterned
using any suitable techmique such as, for example, a
mechanical technique such as grinding, masking and etch-
ing, or a technique that forms a randomly textured surface
such as photoelectrochecmical etching. The GalN layer 52
typically does not include a light emitting layer.

In the embodiment illustrated in FIG. 5, at the bottom
surtace 56 of body 50, a gap 58 1s formed between the body
50 and adhesive layer 40 if used, or wavelength converting
structure 2 1f no adhesive layer 1s used. The gap may be the
same as and formed 1n the same way as the gap described
above 1n reference to FIG. 3. In FIG. 6, there 1s no gap. In
FIG. 6, the top surface of wavelength converting structure 2
and the bottom surface of body 50 are both planar surfaces.

In the embodiment illustrated 1n FIG. 7, multiple sub-
strates with textured top surfaces are disposed over an LED
and wavelength converting structure. The LED 1, mount 14,
wavelength converting structure 2, adhesive layers 40 and
42, and retlective material 44 in FIG. 7 may be the same as
described above in reference to FIG. 3. The substrates may
be textured substrates, as described above in reference to
FIG. 3, or substrates including a body and a textured
dielectric layer, as described above 1n reference to FIGS. 5
and 6.

A first substrate 70 1s attached to wavelength converting
structure 2, for example through an adhesive layer 40. At
least a portion of the top surface 72 of first substrate 70 1s
textured. A second substrate 74 1s attached to the first
substrate 70. The top surface 76 of the second substrate 74
1s textured. The second substrate 74 may be attached to the
first substrate by an adhesive 82, or by any other suitable
method or material.

In some embodiments, second substrate 74 1s formed like
the substrate described in FIG. 3, with one or more pillars on
the bottom surface which form a gap 80 between the first and
second substrates. The top surface 72 of the first substrate 70
may be textured such that the regions where the pillars on
the second substrate 74 touch the top surface 72 of the first
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substrate 70 are not textured, or the pillars may be placed on
the textured surface 72. Adhesive 82 may be disposed 1n the
region ol the pillars on the bottom surface of second
substrate 74, 1n order to attach the first substrate 70 to the
second substrate 74. In the embodiment illustrated 1n FIG. 7,
gaps 78 and 80 are formed between the wavelength con-
verting structure 2 and the first substrate 70, and between the
first substrate 70 and the second substrate 74. Either or both
gaps 78 and 80 may be omitted.

Having described the mvention in detail, those skilled 1n
the art will appreciate that, given the present disclosure,
modifications may be made to the invention without depart-
ing from the spirit of the inventive concept described herein.
In particular, features described 1n a specific embodiment
may be incorporated in any embodiment, and features may
be omitted from embodiments. Therefore, 1t 1s not intended
that the scope of the mvention be limited to the specific
embodiments 1llustrated and described.

The mvention claimed 1s:

1. A light emitting device comprising:

a semiconductor light emitting structure;

a wavelength converting structure comprising a planar
light output surface facing away from the semiconduc-
tor light emitting structure, the wavelength converting
structure arranged to absorb light emitted by the semi-
conductor light emitting structure and in response emit
longer wavelength through the planar light output sur-
face;

a transparent substrate comprising a planar light input
surface arranged parallel to and facing the planar light
output surface of the wavelength converting structure,
and oppositely position textured light output surface
facing away from the wavelength converting structure,
and pillars extending away from the planar light input
surface of the transparent substrate toward the planar
light output surface of the wavelength converting struc-
ture, the pillars attached to the wavelength converting
structure and defining a gap between the planar light
input surface of the transparent substrate and the planar
light output surface of the wavelength converting struc-
ture; and

a transparent material disposed in an filling the gap
between the planar light input surface of the transparent
substrate and the planar light output surface of the
wavelength converting structure, the transparent mate-
rial having an index of refraction lower than an index
of refraction of the wavelength converting structure and
lower than an index of refraction of the transparent
substrate.

2. The light emitting device of claim 1, wherein the
transparent material disposed in and filling the gap 1s or
comprises air.

3. The light emitting device of claim 1, wherein the index
of refraction of the transparent material disposed in and
filling the gap 1s at least 0.5 less than the index of refraction
of the transparent substrate and at least 0.5 less than the
index of refraction of the wavelength converting material.

4. The light emitting device of claim 1, wherein the gap
has a width perpendicular to the light output surface of the
wavelength converting structure of greater than or equal to
10 microns and less than or equal to 200 microns.

5. The light emitting device of claim 1, wherein the
transparent substrate textured light output surface partially
collimates light entering the transparent substrate from the
wavelength converting structure and exiting the transparent
substrate through the transparent substrate textured light
output surface.
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6. The light emitting device of claim 1, wherein the
transparent substrate textured light output surface comprises
features arranged 1n an array with a spacing between fea-
tures of greater than or equal to 50 nanometers and less than
or equal to 500 nanometers.

7. The light emitting device of claim 6, wherein the
features have shapes selected from the group consisting of
posts, pyramids, cones, truncated pyramids, truncated cones,
and any Johnson slid.

8. The light emitting device of claim 1, wheremn the
transparent substrate 1s sapphire, and the transparent sub-
strate textured output surface 1s a textured sapphire surface.

9. The lhight emitting device of claim 1, wheremn the
transparent substrate comprises a sapphire block and a
textured layer of high refractive index material disposed on
the sapphire block, and the transparent substrate textured
light output surface is a surface of the textured layer of high
refractive mndex material.

10. The light emitting device of claim 9, wherein the high
refractive mndex material 1s a I1I-nitride matenal.

11. The light emitting device of claim 9, wherein the high
refractive index material 1s GaN.

12. The light emitting device of claim 1, wherein the
transparent substrate 1s a first transparent substrate, com-
prising:

a second transparent substrate arranged with a light input
surface of the second transparent substrate facing
toward the {first transparent substrate textured light
output surface and an oppositely positioned textured
light output surface facing away from the first trans-
parent substrate, a first portion of the second transpar-
ent substrate light mput surface attached to the first
transparent substrate and a second portion of the second
transparent substrate light input surface spaced apart
from the first transparent substrate textured light output
surface, the second portion of the second transparent
substrate light mput surface and the first transparent
substrate textured light output surface defining a gap
between the second transparent substrate and the first
transparent substrate; and

a second transparent material disposed 1n and filling the
gap between the second transparent substrate and the
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first transparent substrate, the second transparent mate-
rial having an index of refraction lower than an index
of refraction of the second transparent substrate and
lower than an index of refraction of the first transparent
substrate.

13. The light emitting device of claim 12, wherein the
second transparent material disposed 1n and filling the gap
between the second transparent substrate and the first trans-
parent substrate 1s or comprises air.

14. The light emitting device of claim 12, the index of
refraction of the second transparent material disposed 1n and
filling the gap between the second transparent substrate and
the first transparent substrate 1s at least 0.5 1s at least 0.5 less
than the index of refraction of the first transparent substrate
and at least 0.5 less than the index of refraction of the second
transparent substrate.

15. The light emitting device of claim 1, wherein:

the transparent material disposed in and filling the gap 1s

or comprises air; and

the gap has a width perpendicular to the light output

surface of the wavelength converting structure of
greater than or equal to 10 microns and less than or
equal to 200 microns.

16. The light emitting device of claim 15, wherein the
second portion of the transparent substrate light input sur-
face and the wavelength converting structure light output
surface are parallel.

17. The light emitting device of claim 15, wherein the
transparent substrate textured light output surface comprises
features arranged 1n an array with a spacing between fea-
tures of greater than or equal to 50 nanometers and less than
or equal to 500 nanometers.

18. The light emitting device of claim 17, wherein the
transparent substrate 1s sapphire, and the transparent sub-
strate textured output surtace 1s a textured sapphire surface.

19. The light emitting device of claim 17, wherein the
transparent substrate comprises a sapphire block and a
textured layer of high refractive index material disposed on
the sapphire block, and the transparent substrate textured
light output surface 1s a surface of the textured layer of high
refractive index material.
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